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The numerical predictor-corrector guidance method with a linear bank angle parameterization has been widely 
applied to various atmospheric entry guidance problems. However, it has been found that the linear bank angle 
approach has limitations in satisfying the final state requirement of a specific type of atmospheric entry mission. 
In response, this paper proposes a novel bank angle parameterization based on a logistic function, which improves 
the energy preservation capability and increases the potential final altitude at the end of the entry phase. The 
paper also suggests a guideline to determine a guidance law activation point for better entry performance. 
Numerical simulations demonstrate that the proposed guidance scheme outperforms the linear bank profile 
approach and is suitable for future human Mars landing missions.
1. Introduction

A numerical predictor-corrector (NPC) technique has been widely 
researched in atmospheric entry guidance applications, such as 1) Mars 
Entry, Descent, and Landing (EDL) system [1], 2) aerocapture for orbital 
insertion [2], 3) Hypersonic Gliding Vehicle (HGV) [3], and 4) reentry of 
the Reusable Launch Vehicle (RLV) [4]. The NPC targeting guidance al-

gorithm was originally developed at NASA Langley Research Center for 
the Mars Surveyor Program (MSP) 2001 mission [2,5]. Unfortunately, 
the MSP 2001 mission was canceled and later reborn as Phoenix in 2003, 
yet NPC was not implemented because the high-accuracy landing was 
unnecessary for the Phoenix mission [6].

NASA has successfully landed nine Mars landers to date, with only 
two employing a guided entry phase for precision landing: the Mars 
Science Laboratory [7] and the Perseverance Mars Rover [8]. Although 
over fifty years have passed since the completion of Apollo re-entry mis-

sions, a modified version of the Apollo heritage has been used for their 
Mars EDL phases. The Apollo final phase entry guidance utilizes a refer-

ence path-planning and tracking scheme, and bank angle commands are 
generated to track altitude rate and drag profiles along the entry trajec-

tory [9]. Because the capability and applicability of the NPC targeting 
guidance algorithm have been proven by many research works, it is now 
being considered a candidate to be used for a future human Mars land-

ing mission [10]. NASA currently aims to send humans to Mars in the 
2030s, and relevant research is actively ongoing [11].

* Corresponding author.

Most Mars robotic landing missions have used parachutes to slow 
down and prepare for landing. To successfully deploy the parachute, 
the entry phase must end within a specific velocity-altitude boundary, 
known as the parachute deployment box or envelope [12–14]. A mini-

mum altitude of 6 km above the ground, or more than 8 km preferred, 
was found for the parachute deployment of the MSL mission [7]. In con-

trast to robotic missions, it’s unlikely that supersonic parachutes would 
be feasible for a human-scale Mars landing mission [15]. As a result, em-

ploying a Supersonic RetroPropulsion (SRP) system right after the atmo-

spheric entry phase becomes necessary, which requires a predetermined 
set of velocity and altitude at the end of an entry trajectory [11,16,17]. 
Therefore, the entry guidance for the human-scale Mars landing mission 
should consider the technical challenge of safely and precisely decelerat-

ing a vehicle weighing approximately 58.7 metric tons. Entry trajectory 
comparisons between the Mars robotic and human-scale landing mis-

sions are presented in our previous studies [18,19].

The numerical predictor-corrector guidance (NPCG) algorithm can 
provide high targeting accuracy in the presence of dispersions and ran-

domness because it directly utilizes nonlinear dynamics to predict the 
entry vehicle’s motion. In particular, the effectiveness of the NPCG can 
be attributed to the bank angle parameterization. By assuming the bank 
angle profile in a specific shape, the highly nonlinear entry guidance 
problem can be solved efficiently onboard. In 2003, DiCarlo [20] pro-

posed using a constant bank angle profile in the NPCG algorithm for 
an aerocapture guidance system to ensure re-entry into Earth. In the 
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Nomenclature

𝛽 ballistic coefficient

 conventional specific energy

𝑄̇ aerodynamic heating rate

𝛾 relative flight path angle

𝜇 Mars gravitational parameter

𝜔 Mars spin rate

𝜙 latitude

𝜙0 initial latitude

𝜙𝑡 target latitude

𝜓 relative heading angle

𝜌 air density

𝜎 bank angle

𝜎0 initial bank angle

𝜎𝑓 final bank angle

𝜎𝑐𝑚𝑑 bank angle command

𝜃 longitude

𝜃0 initial longitude

𝜃𝑡 target longitude

𝐴 gravity loads

𝐶𝐷 drag coefficient

𝐶𝐿 lift coefficient

𝐷 drag acceleration

𝑑 great circle distance

𝑒 energy-like variable

𝑒0 initial energy-like value

𝑒𝑓 final energy-like value

𝑒𝑔𝑎 energy-like value at guidance activation

𝑔 gravitational acceleration

ℎ geocentric altitude

ℎ𝑡 target altitude

𝐾 decay rate

𝐿 lift acceleration

𝐿∕𝐷 lift-over-drag ratio

𝑚 entry vehicle mass

𝑞 dynamic pressure

𝑟 radial distance

𝑅𝐶 crossrange

𝑅𝐷 downrange

𝑅𝐷
𝑔𝑜

downrange-to-go

𝑅𝑔𝑜 range-to-go

𝑆 entry vehicle reference area

𝑠 distance traveled

𝑠𝑓 current range-to-go

𝑇𝑎 air temperature

𝑡𝑔𝑎 guidance activation time

𝑉 relative velocity

𝑉𝑡 target velocity

𝑧 terminal range error
same year, Zimmerman proposed using a linear bank angle profile as 
a function of time to develop a guidance system for a reusable launch 
vehicle [21]. In 2007, Joshi utilized the linear bank angle parameteriza-

tion along with the angle of attack parameterization to generate feasible 
entry trajectories [22].

Numerous entry guidance algorithms based on the NPC technique 
have been developed, and among those, a series of works by Lu has 
contributed significantly to the relevant research and received much at-

tention. In 2008, Lu started using the linear bank angle parameterization 
to solve planetary atmospheric entry problems [23]. To enforce common 
inequality constraints of entry trajectories in the NPCG framework, they 
utilized the so-called quasi-equilibrium-glide condition to translate the 
path constraints into bank angle magnitude limits [24]. Moreover, the 
outstanding performance of the NPCG in achieving an accurate landing 
was demonstrated by comparing it with the Apollo skip entry guidance 
[25]. Eventually, a unified predictor-corrector entry guidance method 
was developed, capable of being used with a wide range of entry vehi-

cles and mission types [26]. They named the proposed guidance method 
fully numerical predictor-corrector entry guidance (FNPEG), and its ca-

pability, strong robustness, and excellent performance in the presence 
of high dispersions and uncertainties were further demonstrated when 
compared to PredGuid, which is the entry guidance system for the Orion 
spacecraft [27]. This paper utilizes the baseline NPCG algorithm com-

bined with the linear bank angle parameterization discussed in Lu’s 
publications.

Although the linear bank angle parameterization-based numerical 
predictor-corrector guidance (LNPCG) has been studied extensively in 
many research works, this paper aims to show its limitations and pro-

pose a way to resolve the issue. It has been claimed that the use of linear 
bank angle parameterization can reserve sufficient energy margins to-

ward the end of the entry trajectory and achieve a desired final state 
[23]. However, when the LNPCG is used in a future human mission to 
Mars, the linear bank angle tends to result in a faster energy dissipation 
rate than intended. As a result, the final condition may not be met.

In our previous study [18], the LNPCG was compared with other 
guidance methods primarily in terms of the final states of entry trajec-
2

tories. To compare the final velocity, a numerical propagation of the 
NPCG algorithm in the energy domain was set to cease when an entry 
vehicle reaches a predefined final altitude instead of a final energy. Al-

though this approach didn’t deteriorate the ability to satisfy final range 
constraints, it considerably increased the final velocity. Given the pri-

mary objective of minimizing fuel consumption during the powered 
descent phase, which is a subsequent phase in the human Mars missions, 
the method employed in the previous work was merely a stopgap. The 
proposed method in this paper addresses the drawback of the LNPCG 
algorithm directly without increasing the final velocity.

Various bank angle parameterizations have been proposed to im-

prove the limited capability of the LNPCG. The work in [28] suggested 
an exponential decaying bank angle parameterization to prevent control 
saturation during the entry flight. They found that exponential decay 
preserves more control authority in the late entry phase compared to 
constant or linear bank angle assumptions. In [29], the authors aimed 
to alleviate gravity loads (g-load) by employing a segmented bank an-

gle parameterization: linear in the first and last segments and constant 
in the middle. By implementing a low-magnitude bank command where 
the g-load peak occurs, they successfully suppressed the g-load peaks. In 
[30], the authors recognized that the constant or the linear bank angle 
parameterizations could lead to a final altitude mismatch. To enhance 
the ability to adjust the bank angle profile and meet the final altitude 
constraint, they proposed a piecewise linear bank angle profile with two 
fixed initial and final bank angles, while the NPC technique determines 
the middle point bank angle. The authors in [31] developed a predictor-

corrector guidance method for entry missions involving waypoints and 
no-fly zones. They divided the entry phase into the initial and glide 
phases and used a piecewise linear function to parameterize the bank 
angle, which allowed them to satisfy the mission constraints.

This paper demonstrates that the linear bank angle parameterization 
employed in the LNPCG has a limited capability to preserve sufficient 
energy toward the end of entry trajectories. Comprehensive simulations 
indicate that when applied in a future human Mars entry mission, the 
LNPCG tends to produce lower final altitudes than required, which could 
lead to a ground collision. To address this issue, a novel bank angle pa-

rameterization that uses a logistic function instead of a linear function 

is proposed while maintaining the baseline NPCG algorithm. The pro-
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posed guidance scheme aims to reduce energy dissipation rates during 
the early entry phase by improving the flexibility of the bank angle pro-

file.

The advantage of the entry guidance method to be proposed here is 
simplicity. The aforementioned studies in which various NPCG meth-

ods were introduced often require intricate processes. Our approach 
can overcome the limitation of the linear bank angle parameterization 
without increasing the complexity of the guidance algorithm. Addition-

ally, a guideline is suggested for determining the activation time of the 
guidance law that can maximize energy preservation in the early entry 
phase. Therefore, by simply replacing the bank angle parameterization 
and carefully selecting guidance activation time, a satisfactory entry tra-

jectory for future human Mars missions can be achieved. The proposed 
guidance scheme is called autonomous numerical predictor-corrector 
guidance (ANPCG).

The contributions of this paper are summarized as follows. Firstly, 
the limited applicability of the linear bank angle parameterization is 
revealed through comprehensive numerical simulations. Secondly, an 
entry guidance method based on a novel bank angle parameterization is 
developed for a future human Mars entry mission, and its performance 
is demonstrated. Lastly, a new stopping criterion for the numerical 
predictor-corrector guidance algorithm is suggested, and its stability is 
demonstrated.

The remainder of the paper is structured as follows: Section 2 out-

lines the Mars atmospheric entry guidance problem. Section 3 describes 
the LNPCG algorithm and demonstrates its limited capability through 
comprehensive simulation analysis. Section 4 proposes our entry guid-

ance law that resolves the issue of the LNPCG. Finally, Section 5 con-

cludes the paper and suggests potential research items.

2. Problem formulation

2.1. Equations of motion

The three degree-of-freedom (DOF) equations of motion of an entry 
vehicle with respect to the spherical Mars-centered-rotating (MCR) and 
the north-east-down (NED) reference frames, which are shown in Fig. 1, 
are given by [18]

𝑟̇ = 𝑉 sin 𝛾 (1a)

𝜃̇ = 𝑉 cos 𝛾 sin𝜓
𝑟 cos𝜙

(1b)

𝜙̇ = 𝑉 cos 𝛾 cos𝜓
𝑟

(1c)

𝑉̇ = −𝐷 − 𝑔 sin 𝛾 +𝜔2𝑟 cos𝜙 (sin 𝛾 cos𝜙− cos 𝛾 sin𝜙 cos𝜓) (1d)

𝛾̇ = 𝐿 cos𝜎
𝑉

+
(
𝑉

𝑟
− 𝑔

𝑉

)
cos 𝛾 (1e)

+ 2𝜔 cos𝜙 sin𝜓 + 𝜔2𝑟

𝑉
cos𝜙 (cos 𝛾 cos𝜙+ sin 𝛾 sin𝜙 cos𝜓)

𝜓̇ = 𝐿 sin𝜎
𝑉 cos 𝛾

+ 𝑉

𝑟
cos 𝛾 sin𝜓 tan𝜙 (1f)

+ 2𝜔 (sin𝜙− tan 𝛾 cos𝜙 cos𝜓) + 𝜔2𝑟

𝑉 cos 𝛾
sin𝜙 cos𝜙 sin𝜓

where 𝑟 is the radial distance from the center of Mars; 𝜃 is the longitude 
measured from the prime meridian; 𝜙 is the latitude measured from the 
equator; 𝑉 is the relative ground velocity of the entry vehicle to the 
rotating Mars surface; 𝛾 is the relative flight-path angle measured from 
the local horizontal plane; 𝜓 is the relative heading (or azimuth) angle 
measured from the north in a clockwise direction; 𝜔 is the Mars spin 
rate; and 𝜎 is the bank angle defined as positive for turn to the right.

The gravitational, lift, and drag accelerations are respectively de-

scribed by

𝜇

3

𝑔 =
𝑟2

(2a)
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Fig. 1. The Mars-centered-rotating (MCR) and the north-east-down (NED) 
frames [18].

𝐿 =
(1
2
𝜌𝑉 2

) 𝐶𝐿𝑆

𝑚
(2b)

𝐷 =
(1
2
𝜌𝑉 2

) 𝐶𝐷𝑆

𝑚
(2c)

where 𝜇 is the gravitational parameter of Mars, 𝐶𝐿 and 𝐶𝐷 are the 
lift and drag coefficients, and 𝑆 and 𝑚 are the cross-sectional reference 
area and mass of an entry vehicle, respectively. These five parameters 
are assumed to be constant, and a uniform gravity model is utilized. The 
ballistic coefficient of the entry vehicle is defined as

𝛽 = 𝑚

𝐶𝐷𝑆
(3)

The angle of attack is assumed to be held constant so that the lift-over-

drag ratio 𝐿∕𝐷 remains constant for this study.

The range denoted as 𝑠 indicates the flight distance traveled from 
the entry interface to the current location such that

𝑠̇ = 𝑉 cos 𝛾 (4)

Since the range 𝑠 monotonically increases as an entry vehicle approaches 
a target destination, it is often adopted as a state variable for range 
control guidance methods [26,32,33].

2.2. Entry path constraints

A guidance system should monitor and handle the entry path con-

straints such as g-load 𝐴, dynamic pressure 𝑞, and aerodynamic heating 
rate 𝑄̇, which are defined as

𝐴 =
√

𝐿2 +𝐷2 ≤𝐴𝑚𝑎𝑥 (5a)

𝑞 = 1
2
𝜌𝑉 2

≤ 𝑞𝑚𝑎𝑥 (5b)

𝑄̇ = 𝑘𝜌𝑁𝑉 𝑀
≤ 𝑄̇𝑚𝑎𝑥 (5c)

where the subscript “max” indicates the allowable limits for each quan-

tity. G-load and dynamic pressure are associated with the safety of pay-

loads, entry vehicle design, and astronauts. As 𝐿∕𝐷 and 𝛽 are assumed 
as constant in this study, 𝐴 and 𝑞 have a proportional relationship. The 
heating rate 𝑄̇ is governed by the thermal protection system of entry 
vehicles, and the parameters in the heat flux model are assumed as 
𝑁 = 0.5, 𝑀 = 3.15, and 𝑘 = 5.3697 × 10−5 [34]. Note that this study 
does not discuss path constraint handling methods. Instead, different 
peak levels in the path constraints led by different guidance methods 

are presented and compared.
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Fig. 2. Spherical trigonometry applied to the planetary entry problem [18].

2.3. Distance measures

Fig. 2 shows a unit sphere in which the initial entry, current, and 
target locations of the entry vehicle are denoted as 𝐸

(
𝜃0, 𝜙0

)
, 𝑃 (𝜃,𝜙), 

and 𝑇
(
𝜃𝑡,𝜙𝑡

)
, respectively. The crossrange 𝑅𝐶 and downrange 𝑅𝐷 in 

units of radians can be calculated by using the relationships between 
arcs and angles of a spherical polygon defined by intersecting great cir-

cles as follows:

𝑅𝐶 = sin−1 (sin 𝑖 sin𝑑) (6a)

𝑅𝐷 = cos−1
( cos𝑑
cos𝑅𝐶

)
(6b)

where the great circle distance 𝑑, in units of radians, between two points 
𝐸 and 𝑃 is computed as

𝑑 = cos−1
(
sin𝜙0 sin𝜙+ cos𝜙0 cos𝜙 cos

(
𝜃 − 𝜃0

))
(7)

The angle 𝑖, represented with a double-headed arrow in Fig. 2, is mea-

sured using a set of normal vectors as

𝑖 = cos−1
(
𝑛̂𝑂𝐸𝑃 ⋅ 𝑛̂𝑂𝐸𝑇

)
(8)

where the normal vectors are defined as

𝑛̂𝑂𝐸𝑃 =
𝑟̂𝑂𝐸 × 𝑟̂𝑂𝑃‖𝑟̂𝑂𝐸 × 𝑟̂𝑂𝑃 ‖ (9a)

𝑛̂𝑂𝐸𝑇 =
𝑟̂𝑂𝐸 × 𝑟̂𝑂𝑇‖𝑟̂𝑂𝐸 × 𝑟̂𝑂𝑇 ‖ (9b)

We introduce the downrange-to-go, denoted as 𝑅𝐷
𝑔𝑜

, which corre-

sponds to the arc ˜𝐹𝑇 , to express the missed distance in the longitudinal 
direction only. Note that the range-to-go 𝑅𝑔𝑜 is a combination of the 
downrange-to-go 𝑅𝐷

𝑔𝑜
and the crossrange 𝑅𝐶 , as shown in Fig. 2.

The crossrange 𝑅𝐶 can have either positive or negative value de-

pending on the entry vehicle’s location with respect to the great-circle 
line that connects the initial and target locations (˜𝐸𝑇 in Fig. 2). Equiv-

alently, the sign of crossrange can be determined by the relationship 
between a set of normal vectors in the unit sphere. If an entry vehicle is 
flying on the right side of ˜𝐸𝑇 , the following holds:

𝑛̂𝑂𝐸𝑃 × 𝑛̂𝑂𝐸𝑇‖𝑛̂𝑂𝐸𝑃 × 𝑛̂𝑂𝐸𝑇 ‖ ⋅ 𝑟̂𝑂𝐸 > 0 (10)

In the case of the entry vehicle flying left side of ˜𝐸𝑇 , the sign of Eq. (10)

becomes negative.

The heading angle error Δ𝜓 measures the misalignment of the entry 
4

vehicle’s velocity direction with respect to the target.
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Table 1

Human Mars atmospheric entry mission.

Symbols Values

Entry Interface [35]

ℎ0 125 km

𝜃0 -176.40167 deg

𝜙0 -21.3 deg

𝑉0 4700 m/s

𝛾0 -10 deg

𝜓0 -2.8758 deg

Final Condition [35]

𝜃𝑡 -175.8 deg

𝜙𝑡 0.276 deg

𝑉𝑡 450 m/s

ℎ𝑡 2480 m

Targeting Accuracy Requirement [39] 𝑅𝑔𝑜(𝑡𝑓 ) ≤ 5 km

Initial Range-to-go 𝑅𝑔𝑜(𝑡0) 1279.4 km

Entry Vehicle Aerodynamic Property [11]
𝐿∕𝐷 0.54
𝛽 379 kg/m2

Path Constraints Requirements [16]

𝐴 ≤ 4 g

𝑞 ≤ 13 kPa

𝑄̇ ≤ 500 kW/m2

Δ𝜓 = sgn{(𝑉𝑝 × Δ̂𝑝) ⋅ 𝑟̂}cos−1(𝑉𝑝 ⋅ Δ̂𝑝) (11)

where 𝑉𝑝 and Δ̂𝑝 represent the target pointing vector and the velocity 
vector, respectively, which are projected onto the local horizontal plane 
and normalized, as follows:

𝑉𝑝 =
⎡⎢⎢⎣
−sin𝜓 sin𝜃 − cos𝜓 cos𝜃 sin𝜙
cos𝜃 sin𝜓 − cos𝜓 sin𝜙 sin𝜃

cos𝜙 cos𝜓

⎤⎥⎥⎦
𝑀𝐶𝑅

(12)

Δ̂𝑝 = {𝑟̂ ×
(
𝑟̂𝑡 − 𝑟̂

)
} × 𝑟̂ (13)

where 𝑟̂ and 𝑟̂𝑡 refer to the unit position vectors of the entry vehicle and 
the target location in the MCR frame.

2.4. Human Mars atmospheric entry mission

The entry guidance example mainly addressed in this paper is a 
future human Mars mission currently under development by NASA. 
As specific details, including the entry interface state, have not been 
fully determined, the entry example is formulated based on informa-

tion available in several publications such as Refs. [17,34–38]. The 
entry vehicle is called the Cobra Mid lift-to-drag ratio Rigid Vehicle (Co-

braMRV), which utilizes an aero-propulsive control strategy, including 
aero-surfaces and Reaction Control System (RCS) thrusters. Table 1 pro-

vides a set of the numerical data of a reference mission model studied in 
this paper. Note that the entry interfaces and target locations are given 
in the MCR and NED frames.

As mentioned in the introduction section, the entry phase for the 
human-scale Mars landing mission can be more challenging than robotic 
missions. Most Mars rover missions deploy parachutes at an altitude 
of 6–8 km, but for a human-scale mission, the entry phase should end 
closer to the ground, at around 3 km, which enables a more fuel-efficient 
maneuver for the powered descent landing phase. As a result, the entry 
guidance for the human Mars landing mission needs to be flexible to 
accommodate a wide range of final altitudes.

The Martian air density model in [40] is adopted for the simulation 
study here, which is given by

𝜌(ℎ) = 𝜌0 exp (−0.000105ℎ) (14)

where ℎ is the altitude in units of kilometers from the Martian surface, 
and the reference air density 𝜌0 is a function of temperature 𝑇𝑎 with two 
constants 𝛼1 = 559.35 and 𝛼2 = 188.95 as

𝜌0 =
𝛼1

𝛼2𝑇𝑎

(15)

where
𝑇𝑎 = 1.4 × 10−13ℎ3 − 8.85 × 10−9ℎ2 − 1.245 × 10−3ℎ+ 205.36 (16)
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Some parameters used in the simulations are: the Mars gravitational 
parameter 𝜇 is 42828 km2/s2, the Mars radius 𝑟𝑚 is 3397 km, and the 
Mars spin rate 𝜔 is 7.088 × 10−5 rad/s. The simulations are conducted 
using MATLAB® R2022a on a MacBook Pro with 2.6 GHz 6-core Intel 
Core i7 and 16 GB of DDR4 RAM. MATLAB’s ODE45 is used as a numer-

ical integrator.

2.5. Bank control constraints

The CobraMRV flight control system uses RCS thrusters and aerosur-

faces to control the attitude. To test the feasibility of a human mission 
to Mars, the control system’s ability to track guidance commands was 
evaluated in Ref. [17]. The study found that the best performance was 
achieved with bank rate limits of 15 deg/s and higher. Another study, 
Ref. [36], constrained bank maneuvers with an acceleration limit of 5 
deg/s2 and a rate limit of 20 deg/s. Nonetheless, the simulation frame-

work presented in this paper does not take into account the magnitude 
and rate constraints on the bank angle control, i.e., guidance commands 
are directly applied to the dynamic model without any attitude control 
latency. We aim to clearly identify the performance difference between 
the two entry guidance methods by excluding any other factors that 
might affect the guidance performance. Furthermore, the simplicity of 
the framework allows any readers of interest to duplicate the simulation 
results found here.

3. Linear bank profile-based numerical predictor-corrector 
guidance (LNPCG)

This section describes the LNPCG algorithm and demonstrates its 
limited capability when applied to the human Mars atmospheric entry 
mission.

3.1. LNPCG algorithm description

The LNPCG algorithm seeks a parameterized bank angle profile for 
the longitudinal trajectory from the current to the final states such that 
the remaining distance toward a target is zero or minimum at every 
guidance cycle. The computational process is divided into prediction 
and correction steps. At the prediction step, an entry trajectory from the 
current energy state, 𝑒0, to the given final energy state, 𝑒𝑓 , is propagated 
using the parameterized bank angle profile, which is given as a linear 
function of 𝑒 as

𝜎𝑐𝑚𝑑 = 𝜎0 +
𝑒− 𝑒0
𝑒𝑓 − 𝑒0

(𝜎𝑓 − 𝜎0) (17)

where 𝜎𝑐𝑚𝑑 is the bank angle command to be applied to the entry dynam-

ics, 𝜎0 is a positive bank angle to be decided through iterative prediction 
and correction steps, and 𝜎𝑓 is a pre-selected constant that affects the 
overall guidance performance. Note that 𝜎𝑓 can be selected to be a small 
positive number to prevent too much energy dissipation rate. After the 
prediction step, the correction step is carried out iteratively until the 
bank angle command profile 𝜎𝑐𝑚𝑑 results in a trajectory that satisfies 
the following terminal range error condition:

𝑧(𝜎0) = 𝑠(𝑒𝑓 ) − 𝑠𝑓 = 0 (18)

where 𝑠(𝑒𝑓 ) is the actual distance traveled, which is a function of 𝜎𝑐𝑚𝑑

and is obtained by integrating Eq. (4), and 𝑠𝑓 = 𝑠𝑔𝑜 =𝑅𝑔𝑜 is the range-

to-go to the target site at the current guidance cycle. Hence, the terminal 
range error 𝑧(𝜎0) is a univariate function, the solution of which can be 
numerically calculated without a burdensome computation process. The 
computational process employs normalized state variables, where the 
length is normalized by the Mars radius, the velocity is normalized by 
the orbital velocity at the Mars radius, and the time is scaled accord-

ingly.

During the prediction and correction process, numerical propagation 
5

is performed based on a dimensionless energy-like variable 𝑒 defined as
Aerospace Science and Technology 156 (2025) 109755

𝑒 = 𝜇

𝑟
− 𝑉 2

2
≡ − (19)

where  is the conventional specific energy. Taking the derivative of 𝑒
with respect to time and using 𝑑𝑟∕𝑑𝑡 and 𝑑𝑉 ∕𝑑𝑡 from Eq. (1) results in 
the following relationship:

𝑒̇ =𝐷𝑉 (20)

which indicates that 𝑒 monotonically increases. Note that energy-based 
propagation eliminates the need for flight time information but neces-

sitates the use of final values for altitude and velocity to define the 
endpoint. Since flight time is not a critical consideration for most en-

try applications and energy conditions at both ends are often prede-

fined, the LNPCG algorithm can effectively utilize such energy-domain 
propagation. However, this technique may pose an issue regarding the 
satisfaction of final conditions. Because energy is a function of altitude 
and velocity, multiple combinations of altitude and velocity can yield 
the same energy value [41]. Without an enforcement algorithm for the 
final altitude or velocity, the final state may not satisfy the desired final 
condition.

The Newton-Raphson method is employed to find 𝜎0 satisfying 
Eq. (18). For a given initial guess of 𝜎(0)

0 and the current energy state 𝑒0, 
the 𝑘th update for 𝜎(𝑘)

0 is performed as

𝜎
(𝑘+1)
0 = 𝜎

(𝑘)
0 −

𝑧(𝜎(𝑘)
0 )

𝜕𝑧(𝜎(𝑘)
0 )∕𝜕𝜎0

(21)

where the partial derivative of Eq. (18) with respect to 𝜎0 is computed 
by the centered finite difference approximation with a given small in-

crement Δ𝜎 as

𝜕𝑧(𝜎(𝑘)
0 )

𝜕𝜎0
≈

𝑧(𝜎(𝑘)
0 + Δ𝜎) − 𝑧(𝜎(𝑘)

0 − Δ𝜎)
2Δ𝜎

(22)

The corrective update continues until the absolute value of Eq. (18) be-

comes less than a small positive number 𝜖. In this study, 𝜖 and the initial 
guess for 𝜎0 are set to one hundred meters and 100 degrees.

3.2. Predictive lateral guidance

Note that all simulations presented in this paper utilize the predictive 
lateral guidance method proposed in Ref. [42] to achieve high-precision 
landing accuracy. The method assumes that the computed bank angle 
from the NPCG algorithm is available for final crossrange computations. 
The two final crossrange values of the entry trajectory for the converged 
bank command, which is set to be either positive or negative through-

out the entire trajectory, are then determined. If the ratio between two 
crossrange values exceeds a certain threshold, then a bank reversal oc-

curs. That ratio is set to seven for all simulation results presented in this 
paper. Note that the initial bank angle direction is determined as the 
opposite direction to the heading angle error, which can be computed 
using Eq. (11).

3.3. Final bank angle analysis

In the LNPCG algorithm, 𝜎𝑓 is a design parameter empirically de-

termined by the user to adjust the guidance performance, and Ref. [23]

suggests a range of 𝜎𝑓 values to be selected.

Fig. 3 illustrates the trend of entry trajectories depending on 𝜎𝑓 when 
the LNPCG is employed to solve the human Mars entry mission. All tra-

jectories achieve a targeting accuracy of less than one kilometer, and 
only their longitudinal quantities and the magnitude of the bank angle 
are presented. A smaller 𝜎𝑓 results in a larger bank angle in the early 
phase because the algorithm aims to meet the final range constraint with 
a given specific energy by modulating 𝜎0. The entry trajectory with 𝜎𝑓

= 10 deg (solid blue lines) exhibits the fastest energy dissipation rate, 

leading to higher peak levels of the path constraints. Interestingly, these 
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Fig. 3. The influence of 𝜎𝑓 on the LNPCG performance. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
variations have a more significant impact on the g-load and dynamic 
pressure profiles rather than the heating rate profile.

Energy dissipation rates also influence the final altitudes. There ex-

ists an altitude limit that cannot be further increased through the mod-

ulation of 𝜎𝑓 . As shown in the top middle in Fig. 3, the highest altitude 
reaches 700 meters above the ground with 𝜎𝑓 = 30 deg. Although the en-

try trajectory with 𝜎𝑓 = 10 deg has the slowest energy dissipation rate 
and altitude rise in the later phase, it dissipates too much energy dur-

ing the flight, preventing it from reaching high altitudes. On the other 
hand, a 𝜎𝑓 value of 30 degrees strikes a balance between the early and 
late phases such that it achieves the highest altitude while satisfying the 
path constraints.

Entry trajectory should meet a desired final state and path con-

straints to secure the EDL phase’s success. However, modulating 𝜎𝑓 in 
the LNPCG algorithm doesn’t provide sufficient flexibility to design en-

try trajectories as users desire.

3.4. Guidance activation point analysis

At high altitudes, bank angle modulation has no effect on the entry 
vehicle’s motion due to the absence of aerodynamic forces. We assume 
the entry vehicle maintains a bank angle command of zero before the 
guidance law activation. Once the guidance law is activated, the entry 
vehicle begins to bank and navigate toward the target along a path that 
satisfies the final range and path constraints with the specific energy at 
that point. If the energy state at the guidance activation varies, we can 
anticipate variations in guidance performance.

It is a common practice to use a g-load threshold for entry guidance 
system activation; for example, 0.15 g is utilized in Ref. [26]. In this 
paper, however, we adopt the elapsed time from the entry interface, 
denoting the time at guidance activation as 𝑡𝑔𝑎 . In Fig. 3, we used 𝑡𝑔𝑎 = 
170 sec.

Fig. 4 illustrates the impact of 𝑡𝑔𝑎 on guidance performance with 𝜎𝑓

= 40 deg. The LNPCG continues to satisfy the final range constraint 
even when the guidance law is activated sufficiently after sensible aero-

dynamic forces are detected. First, it can be observed that the later the 
6

guidance law activation, the larger the initial bank angle becomes. This 
is because delayed guidance law activation implies that the entry vehi-

cle must dissipate more energy than earlier activation before reaching 
the target. Consequently, the LNPCG algorithm generates a larger bank 
angle command. On the other hand, earlier guidance law activation re-

sults in a faster energy dissipation rate and a higher path constraint peak 
despite a smaller initial bank angle magnitude.

When the activation of the guidance law is delayed, even beyond 
the first g-load peak, the entry trajectory achieves an altitude of one 
kilometer above the ground (see dotted green line in Fig. 4). However, in 
this specific scenario, especially for mid or high-L/D ratio entry vehicles, 
excessive delay in activating the guidance law may lead to the entry 
vehicle skipping out of the atmosphere, resulting in a mission failure. 
It is crucial to judiciously determine the value of 𝑡𝑔𝑎 by considering 
the balance between the conservation of energy in the early phase and 
the skip-out boundary. A guideline to decide a good 𝑡𝑔𝑎 is suggested in 
Section 4.

3.5. A reference design for the human Mars landing mission

In the previous subsections, it was shown that 𝜎𝑓 and 𝑡𝑔𝑎 signifi-

cantly affect the guidance performance. By exploring various combina-

tions of 𝜎𝑓 and 𝑡𝑔𝑎, we found the best performance achievable using 
the LNPCG, as shown in Fig. 5. The entry trajectory resulting from the 
combination of 𝜎𝑓 = 40 deg and 𝑡𝑔𝑎 = 175 sec achieves the highest fi-

nal altitude exceeding one kilometer and satisfies the path constraints 
having approximately 10% margins in g-load and dynamic pressure.

Despite the predefined final altitude and velocity values of 2.48 km 
and 450 m/s, respectively, the entry trajectory generated by the LNPCG 
ends with a final state of 1.04 km and 461 m/s. This discrepancy is at-

tributed to the baseline NPCG algorithm that aims to satisfy only the 
range constraint at a specific final energy condition. Accordingly, mul-

tiple combinations of altitude and velocity can exist for the same energy 
value. More importantly, the linear bank angle parameterization fails to 
preserve sufficient energy margins toward the end of entry trajectories 
so that the final state condition cannot be satisfied. As demonstrated in 
Fig. 5, the LNPCG has some limitations to be applied to the human Mars 

landing mission.
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Fig. 4. The influence of guidance law activation point on the LNPCG performance.
7

Fig. 5. Among the entry trajectories generated using the LNPCG, the one path that possesses the highest altitude while satisfying the path constraints.
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Fig. 6. Left: the number of iterations required to find a solution at each guidance cycle. Right: the extreme overshoot and undershoot profiles with 𝜎0 = 0 and 200 
deg input.
3.6. Convergence analysis

It has been known that the NPCG algorithm requires substantial on-

board computational power, especially for long-range flights, and lacks 
theoretical convergence guarantees [43,44]. The left side of Fig. 6, how-

ever, demonstrates the computational effectiveness of the NPCG algo-

rithm. It displays the number of iterations required to converge at each 
guidance cycle. For all cycles after the first one, only one or less itera-

tion was needed to find a solution. This is because the initial guess for 
the next step is based on the previous step’s solution, and their values 
should be similar, so multiple iterations are unnecessary.

The right side of Fig. 6 confirms the existence of a solution that sat-

isfies the final range constraint along the entry trajectory. Only a part 
of the entry trajectory spanning from 200 to 300 seconds is shown for 
better readability. The blue and red vertical lines with dots indicate 
overshoot and undershoot distances using a certain 𝜎0, respectively. 
Having opposite signs for extreme overshoot and undershoot values im-

plies a solution of Eq. (18) must exist, according to Bolzano’s theorem 
[45], a special case of the intermediate value theorem.

Intuitively, the maximum overshoot distance is obtained with a 𝜎0
value of zero, which means that the entry vehicle flies mostly in the 
full lift-up mode. On the other hand, the minimum undershoot distance 
is obtained around 𝜎0 of 200 deg rather than 180 deg, and this value 
may change depending on the mission condition and bank angle param-

eterization. This analysis is used as a stopping criterion for the NPCG 
algorithm:

𝑧(0 𝑑𝑒𝑔) ⋅ 𝑧(200 𝑑𝑒𝑔) > 0 (23)

where the terminal range error 𝑧(𝜎0) is defined by Eq. (18). Satisfying 
Eq. (23) indicates that a solution does not exist at that guidance cycle, 
and there is no need to continue the solution-finding process. Therefore, 
if the stopping criterion is satisfied, then the NPC process terminates, 
and the guidance system retains the 𝜎0 solution from the previous cycle.

As the entry vehicle approaches the target closely, the extreme over-

shoot and undershoot values may no longer have opposite signs. It 
was observed that this additional stopping criterion helped the NPCG 
algorithm avoid convergence issues effectively when dispersions and 
randomnesses were included in the simulations (i.e., the Monte Carlo 
simulations presented in Subsection 4.4).

4. Autonomous numerical predictor-corrector guidance (ANPCG)

Section 3 highlighted the limited capabilities of the LNPCG in that 
it cannot meet the final altitude requirement of the human Mars en-

try mission. This limitation is attributed to the linear bank profile not 
preserving sufficient energy toward the end of the entry trajectory. To 
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address this issue, we propose enhancing the energy preservation capa-
bility by substituting the linear bank angle with a novel bank profile. 
In addition, a guideline to decide the guidance activation time that can 
maximize energy preservation in the early entry phase is suggested.

4.1. Guidance activation point determination

In Ref. [19], a controllability test was conducted to determine the 
point at which bank control begins to affect the entry vehicle’s motion. 
This study aims to take a step further by selecting the ideal guidance 
law activation point that enhances the entry guidance performance, as 
depicted in Fig. 4. To meet the final range constraint and dissipate the 
provided specific energy, it is essential to decide wisely the guidance 
activation time to achieve the entry guidance goal.

Fig. 7 illustrates the entry trajectory in which a full lift-up command 
is given for a sufficient duration, resulting in a skip-out at the end. Even 
though the entry vehicle is in the moment of skipping out, it will even-

tually re-enter the Martian atmosphere and land on the ground if it 
continues flying. The maximum g-load of 1.41 g and the minimum alti-

tude of 34 km occur at 170.5 seconds and 177.8 seconds, respectively, 
denoted as red and green asterisks. The entry vehicle experiences the 
peak g-load shortly before reaching its lowest altitude due to the fact 
that the g-load has a proportional relationship to air density times ve-

locity squared (Eq. (5a)).

The specific energy will dissipate at a minimum rate during the full 
lift-up flight. On the other hand, activating the guidance law after pass-

ing the minimum altitude can result in preserving excessive energy for 
a given range-to-go so that the NPCG algorithm cannot find a solution. 
Therefore, we determine that the proposed entry guidance should be 
activated strategically between the point of maximum g-load and the 
minimum altitude. This approach allows the entry vehicle to preserve 
sufficient energy during the early phase and eventually increase the po-

tential final altitude and decrease the path constraints peaks. We adopt 
a fixed 𝑡𝑔𝑎 value of 175 seconds for the proposed guidance method.

4.2. Logistic function-based bank angle parameterization

We propose a novel bank angle parameterization utilizing a logistic 
function, a type of sigmoid function, to enhance the mitigation of energy 
dissipation during the early entry phase and potentially achieve higher 
final altitudes, as follows:

𝜎𝑐𝑚𝑑 =
2𝜎0

1 + exp
[
𝐾(𝑒− 𝑒0)∕(𝑒𝑓 − 𝑒0)

] (24)

where the parameter 𝐾 represents the decay rate, adjusting how quickly 
the bank angle reduces. Note that 𝜎𝑐𝑚𝑑 at 𝑒0 is 𝜎0 regardless of 𝐾 , 
whereas 𝜎𝑐𝑚𝑑 at 𝑒𝑓 is affected by 𝐾 .

Fig. 8 illustrates the trend of entry trajectories varying with respect 

to 𝐾 . The guidance activation time 𝑡𝑔𝑎 is set to 175 seconds. As ob-
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Fig. 7. The entry trajectory with a full lift-up command maintained for 700 seconds. Left: velocity versus altitude profile. Right: g-load profile.

Fig. 8. The trend of entry trajectories varying with respect to the decay rate 𝐾 variations.
served, a larger value of 𝐾 causes the bank angle profile in the early 
stage to steepen, leading to a higher rate of energy dissipation and an 
increase in the peaks of path constraints. Moreover, a higher value of 
𝐾 results in a lower magnitude of the bank angle in the later stage, 
thereby increasing the final altitude of the entry trajectory. When 𝐾 is 
set to 1.4, the highest altitude achieved is 2.85 km, which is higher than 
the required altitude of 2.48 km. This indicates that the proposed guid-

ance method is effective in mitigating the energy dissipation rate and 
increasing the final altitudes. However, similar to the case of LNPCG, 
there exists an altitude limit that cannot be increased by adjusting 𝐾 . 
The decay rate that satisfies the mission requirement is found to be 1.28, 
and the corresponding simulation result is presented in Fig. 9.

4.3. Comparison analysis

The comparison between the LNPCG and ANPCG entry trajectories 
is illustrated in Fig. 10 that overlaps Figs. 5 and 9. As can be seen from 
the top left in Fig. 10, the bank angle magnitude of the ANPCG is lower 
9

than that of the LNPCG in both the early and late phases, whereas it is re-
versed in the middle. At the time when guidance is activated, the bank 
angle magnitudes are 164 and 147 degrees for each method, and this 
results in the ANPCG trajectory having a 15% larger vertical lift com-

ponent compared to the LNPCG. The LNPCG’s 164-degree bank angle 
represents an almost full lift-down maneuver, causing the entry vehicle 
to quickly decelerate. The difference in bank angle commands is ac-

cumulated over time, and this effect leads to the ANPCG having a 6% 
slower energy dissipation rate than the LNPCG when their peak values 
are compared. As a result, the proposed guidance algorithm effectively 
reduces the energy dissipation rate in the early phase, allowing the AN-

PCG to reach a 1.4 km higher altitude and end with an 11.7 m/s lower 
velocity compared to the LNPCG’s best performance. The peak path con-

straint values remain similar for both guidance methods.

Fig. 11 presents the bank command profiles plotted every 10𝑡ℎ guid-

ance cycle in the energy domain for the entry trajectories previously 
shown in Fig. 10. 𝑒𝑔𝑎 is the energy state at the guidance activation point. 
The respective bank profiles starting with 𝜎0 are sought by the NPC 
technique such that the bank profiles satisfy the final range constraint 

at each guidance. The left side of Fig. 11 presents the bank command 
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Fig. 9. The entry trajectory generated by the ANPCG when 𝐾 = 1.28 and 𝑡𝑔𝑎 = 175 sec.
Table 2

Dispersion levels on the entry interface and models.

Parameters Three-Standard Deviation Distributions [16]

𝑟 100 m

𝜃 0.25 deg

𝜙 0.25 deg

𝑉 3.3 m/s

𝛾 0.1 deg

𝜓 0.17 deg

𝑚 200 kg

𝜌 5%

profiles of the LNPCG, which appears to be linear. Towards the end of 
the trajectory, as the remaining crossrange error becomes comparable to 
the downrange-to-go, 𝜎0 starts deviating from its linear profile. This is 
because the baseline NPCG algorithm is designed to manage the range-

to-go, which is a combination of crossrange and downrange-to-go.

The bank command profiles of the ANPCG exhibit a unique attribute 
as they vary the final bank angle at each guidance cycle, unlike the 
LNPCG. Based on the computed 𝜎0 value, the final bank angle is auto-

matically determined, resulting in better energy management. The final 
bank angle of the algorithm is adjusted from large to small values so that 
it can have a lower energy dissipation rate in the early phase and even-

tually achieve a higher altitude at the end. For the LNPCG, if a small 
final bank angle is chosen to obtain a high final altitude (see Fig. 3), it 
demands a large initial bank angle to satisfy the range constraint, which 
eventually causes an excessive energy dissipation rate at the early phase.

The ANPCG algorithm possesses almost identical convergence fea-

tures as that of the LNPCG (see Fig. 6). The effectiveness and the guar-

antee of the solution’s existence are still valid for the ANPCG algorithm 
because both methods are rooted in the NPC targeting guidance algo-
10

rithm.
4.4. Monte Carlo simulation

The Monte Carlo method is adopted to examine the effect of entry 
interface dispersion and modeling errors on the guidance performance. 
The entry interface is randomly sampled from a Gaussian distribution 
with three standard deviations, and they are given in Table 2. The dis-

persion levels are adopted from Ref. [16]. A 1000-run Monte Carlo 
simulation is conducted for each guidance method.

Fig. 12 presents the results of Monte Carlo simulations conducted to 
compare the performance of the LNPCG and ANPCG. Table 3 summa-

rizes the statistical data; the mean (𝑀), median (𝑀𝑑𝑛), and standard 
deviation (𝑆𝐷) of the final miss distance (𝑅𝑔𝑜(𝑡𝑓 )), final altitude (ℎ(𝑡𝑓 )), 
and final velocity (𝑉 (𝑡𝑓 )). The results show that the baseline NPCG 
algorithm is highly robust against random distributions and can suc-

cessfully meet the final range constraint. This is evident from the left 
side of Fig. 12, where 100% of the entry trajectories generated by both 
methods arrive within a one-kilometer boundary from the landing point. 
Although the mean miss distance of the LNPCG is lower than the AN-

PCG by about a hundred meters, 166 meters versus 273 meters, this 
difference is negligible considering the final miss distance requirement, 
which is less than five kilometers.

The right side of Fig. 12 clearly illustrates the difference between the 
LNPCG and ANPCG in achieving the desired final altitude and velocity 
represented in dotted lines (ℎ𝑡 = 2480 m and 𝑉𝑡 = 450 m/s). It should 
be noted that the mean final altitude and velocity achieved by the AN-

PCG implementation are very close to the mission requirement, with less 
than 0.3% errors. The mean final altitude (𝑀[ℎ(𝑡𝑓 )]) of the LNPCG is 
about 1.4 km lower than that of the ANPCG, and this causes the higher 
mean final velocity (𝑉 [ℎ(𝑡𝑓 )]) because the NPCG algorithm terminates 
at the predetermined final energy value. The difference in the mean fi-

nal velocity is 12 m/s, which may lead to significantly increased fuel 
consumption during the following powered descent landing phase due 

to the heaviness of the entry vehicle. Fig. 13 shows the histogram of the 
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Fig. 10. Comparison between the entry trajectories generated by the LNPCG and ANPCG. Only the longitudinal quantities are presented.

Fig. 11. The bank command profiles plotted every 10𝑡ℎ guidance cycle in the energy domain. Left: the linear bank angle profiles of the LNPCG. Right: the logistic 
bank angle profiles of the ANPCG.
final altitude and velocity of each method. As evidently seen from the 
histogram, the entry trajectories of the ANPCG arrive much closer to the 
mission requirement compared to those of the LNPCG. Since the mod-

eling randomness and dispersions used in the Monte Carlo simulations 
were symmetrically distributed, we can expect the mean and median 
values of the dataset to be similar. Table 3 provides evidence of this.

Note that there is no instance where path constraints are violated 
by both methods. Furthermore, there are no significant disparities in 
peak values of path constraints between the two guidance methods, as 
displayed in Fig. 10. However, path constraint handling is an imperative 
task in entry guidance, and this will be addressed in future work.

5. Conclusion and future work

This paper has demonstrated the limitations of the existing entry 
guidance method and proposed a new approach for a future human Mars 
landing mission. Simulation analysis has revealed that the LNPCG causes 
11

excessive energy dissipation rates during the early entry phase, leading 
to failure to meet the final state condition. By introducing a novel bank 
angle parameterization and adjusting the guidance law activation point, 
the ANPCG provides improved guidance performance with higher final 
altitudes and lower final velocities. The analysis result has suggested 
that the proposed guidance can be a more suitable option for future 
atmospheric entry missions.

The proposed method has the potential for further improvement 
through various research avenues. Currently, achieving satisfactory 
guidance performance requires a manual selection of guidance param-

eters. The method could be fully automated by adaptively determining 
guidance parameters based on vehicle states and conditions [46,47]. 
The simulation results presented here assume perfect navigation and at-

titude control. Incorporating sensor noise [48,49] and attitude dynamics 
[50,51] into the algorithm and simulation environment would rigor-

ously demonstrate the proposed method’s performance. Furthermore, 
the current method only constrains a final range such that final altitude 
and velocity sets have large distributions. If the bank angle parame-
terization within the algorithm is more flexible, for example, using a 
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Fig. 12. The terminal state dispersions of entry trajectories of the LNPCG and ANPCG. Left: the final miss distance, right: the final altitude and velocity.

Fig. 13. The terminal state dispersions of entry trajectories of the LNPCG and ANPCG. Left: the final miss distance, right: the final altitude and velocity.

Table 3

The statistics of the Monte Carlo simulation results: 𝑀 , 𝑀𝑑𝑛, and 𝑆𝐷 are mean, median, 
and standard deviation operators, respectively.

Statistics LNPCG ANPCG Statistics LNPCG ANPCG

𝑀[𝑅𝑔𝑜(𝑡𝑓 )] 166 m 273 m 𝑀[𝑚𝑎𝑥(𝐴)] 3.6 g 3.6 g

𝑀𝑑𝑛[𝑅𝑔𝑜(𝑡𝑓 )] 90 m 246 m 𝑀𝑑𝑛[𝑚𝑎𝑥(𝐴)] 3.6 g 3.6 g

𝑆𝐷[𝑅𝑔𝑜(𝑡𝑓 )] 130 m 208 m 𝑆𝐷[𝑚𝑎𝑥(𝐴)] 0.1 g 0.1 g

𝑀[ℎ(𝑡𝑓 )] 1052 m 2487 m 𝑀[𝑚𝑎𝑥(𝑞)] 11.9 kPa 11.9 kPa

𝑀𝑑𝑛[ℎ(𝑡𝑓 )] 1049 m 2562 m 𝑀𝑑𝑛[𝑚𝑎𝑥(𝑞)] 11.9 kPa 11.9 kPa

𝑆𝐷[ℎ(𝑡𝑓 )] 355 m 334 m 𝑆𝐷[𝑚𝑎𝑥(𝑞)] 0.3 kPa 0.3 kPa

𝑀[𝑉 (𝑡𝑓 )] 462 m/s 450 m/s 𝑀[𝑚𝑎𝑥(𝑄̇)] 337.5 kW/m2 337.6 kW/m2

𝑀𝑑𝑛[𝑉 (𝑡𝑓 )] 461 m/s 449 m/s 𝑀𝑑𝑛[𝑚𝑎𝑥(𝑄̇)] 337.3 kW/m2 337.7 kW/m2
12

𝑆𝐷[𝑉 (𝑡𝑓 )] 3 m/s 3 m/s 𝑆𝐷[𝑚𝑎𝑥(𝑄̇)] 3.0 kW/m2 2.9 kW/m2
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quadratic profile as in Ref. [52], it will allow for direct control of other 
constraints, such as final altitude or velocity, to be achieved simultane-

ously. Lastly, the potential applications of entry guidance for planetary 
landing missions could be expanded. Incorporating waypoint and no-fly 
zone algorithms [53,54] into the proposed method could be utilized for 
hypersonic gliding vehicles and reusable rocket entry guidance.
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